Chemical Looping Combustion (CLC) involves the use of a solid oxygen carrier to transport the oxygen from the air to a fuel. Attention has recently been focused on oxygen carriers based on Mn-Fe mixed oxides because they are cheap materials that are able to release oxygen at high temperature, the so-called oxygen uncoupling step. The aim of this work was to assess the use of (Mn 0.77 Fe 0.23 ) 2 O 3 material as an oxygen carrier with the ability to transport oxygen both by reduction with gaseous fuels and by oxygen uncoupling, i.e. typical mechanisms in CLC and in Chemical Looping with Oxygen Uncoupling (CLOU), respectively. The particles prepared by mechanical mixing were screened to obtain particles of sufficient reactivity and mechanical strength for use in a fluidized bed 
Introduction
Chemical Looping Combustion (CLC) is a promising technology that is able to capture CO 2 at low cost and with a low energy penalty in the power generation process [1] . CLC is based on the transfer of oxygen from the air to the fuel by means of a solid oxygen carrier.
In the most common configuration, the oxygen carrier is continuously circulated between two interconnected fluidized-bed reactors, known as the fuel and air reactors [2] .
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The development of Chemical Looping technology for solid fuel combustion has made an important advance over the last decade by means of two processes: in-situ Gasification (iG-CLC) and Oxygen Uncoupling (CLOU) [1, 2] . The iG-CLC concept works by supplying steam and/or recycled CO 2 to the fuel reactor as gasifying agents. In-situ gasification of solid fuel (e.g. coal) takes place inside the fuel reactor, as does the subsequent oxidation of the gasification products by gas-solid reactions with the oxygen carrier. Unburnt products, such as H 2 , CO and CH 4 , are usually found in existing iG-CLC facilities. The CLOU concept uses a metal oxide with the ability to release gaseous oxygen in the fuel reactor [3, 4] . The solid fuel is subsequently burnt with the gaseous oxygen, avoiding the slow gasification step. Solid fuel conversion by CLOU is thus improved, compared to iG-CLC [5, 6] .
Low cost materials based on iron or manganese ores have mostly been used as oxygen carriers in iG-CLC [1, 2] , while synthetic materials based on copper and manganese are being developed for CLOU [7, 8] . Cu-based materials were primarily developed because of their high reactivity. The development of Mn-based materials as oxygen carriers in CLOU has recently become the focus of attention because they are cheaper than those made with copper. In recent years, there has been great interest in the use of mixed oxides of manganese and iron as oxygen carriers due to their potential use in CLOU mode. The thermodynamics of the Mn-Fe-O system have been studied for decades and are being revised periodically with new experimental findings [9] . Phase equilibrium diagrams for the Mn-Fe-O system are replicated in Figure 1 This property has been exploited for the design of a relevant number of oxygen carrier materials [10] . Thus, oxidation conditions must allow oxidation to bixbyite [11] [12] [13] [14] .
According to Larring et al., the optimum operating temperature should be evaluated depending on the Mn:Fe ratio and the existing O 2 partial pressure [11] . For example, considering oxidation in air, the transition temperature between spinel and bixbyite varies from 970 ºC for Mn-rich materials to 1030 ºC for Fe-rich materials; see Figure 1 (a). But transition temperatures are 70 ºC lower if the oxygen partial pressure is 0.05 atm.
Nevertheless, the oxygen uncoupling ability is facilitated by using Mn-rich materials owing to the narrow gap between bixbyite and spinel phases; see Figure 1 (a) [13] [14] [15] . Also, conversion to bixbyite will be determined by reaction kinetics, which usually increases with temperature [16] . However, it should be taken into consideration that the increase in temperature increases the oxygen concentration necessary to reach bixbyite phase [11] .
With regard to the oxygen transfer from bixbyite, both the oxygen uncoupling mechanism and reactivity with fuel gases must be considered. (Mn x Fe 1-x ) 2 O 3 materials showed oxygen uncoupling at 850 ºC for the stoichiometric parameter x > 0.5, whereas the optimum temperature was 900-950 ºC for materials with x ≤ 0.4 [13] . By way of example, Figure   1 (b) shows the phase diagram as a function of oxygen partial pressure and temperature for the Mn/(Mn+Fe) atomic ratio of 0.8. Under fuel reactor conditions, the transition from bixbyite to spinel can be driven by the oxygen uncoupling mechanism.
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In addition to its oxygen uncoupling capability, bixbyite can be reduced by fuel gases such as H 2 , CO and CH 4 , and spinel can then be reduced to mangano-wüstite (Mn x Fe 1-x O), as shown in Figure 1 (b); see reactions R2 and R3 for reduction with H 2 . MnO and Fe 3 O 4 have also been reported as final products after reduction with 5 vol.% CH 4 or coal [17, 18] .
Further reduction to metallic Fe is also possible [19, 20] , but this would be not desirable because thermodynamic restrictions prevent complete combustion to CO 2 Most of the synthetized Mn-Fe oxygen carriers were tested with gaseous fuels and showed good behaviour during syngas combustion, reaching fuel conversions close to 100 %.
Furthermore, some Mn-Fe materials allowed high CH 4 conversion when the material was checked under a suitable reaction temperature [13, 16] . In general, reactivity with fuel gases increased with Mn content [11, 12, 16, 21] . Thus, (Mn x Fe 1-x ) 2 O 3 materials with x > 0.5
showed high reactivity against CH 4 at 850 ºC [13] .
It is worth noting that the theoretical oxygen transport capacity available for the oxygen uncoupling reaction (bixbyite to spinel) is [23] obtained high CH 4 conversion in a 300 W CLC unit using particles prepared by spray drying with a Mn:Fe = 1:2 molar ratio. However, mechanical strength was low and a relevant fraction of particles became dust after 4 h of operation.
From previous works, we can infer that the oxygen uncoupling capability of combined MnFe oxides can be exploited under the proper conditions. However, their regeneration capability has not been studied in detail. Moreover, the subsequent reduction of spinel with fuel gases requires further analysis, because a significant amount of oxygen in the combustion of coal could be transferred by solid-gas reactions [22] . It is therefore of interest to analyse both of the oxygen transfer processes involved to allow the conversion of coal by combining in-situ gasification and oxygen uncoupling.
The aim of this work was to develop a Mn-Fe mixed oxide material as an oxygen carrier with oxygen transport capability both for oxygen uncoupling and reduction by a fuel, which could be used in CLC with coal assisted by oxygen uncoupling (CLaOU). The composition Oxygen transport capacity, reaction rate and mechanical strength were evaluated for the purpose of selecting an optimal Mn-Fe-based oxygen carrier. The reactivity behaviour against different gaseous fuels and the fluid-dynamic properties of the selected material were analysed in a fluidized bed reactor.
Experimental
Preparation of materials
Ten different materials were prepared by mechanical mixing of precursor powders to screen for the Mn-Fe based oxygen carriers. Table 1 in order to evaluate the effect of the Mn:Fe ratio on particle properties. Moreover, some materials were produced with addition of graphite (Sigma-Aldrich) or kaolin (SYCA S.L.) with the purpose of increasing the porosity or mechanical strength of the particles, respectively.
Raw materials at the desired fractions were mixed in a ball mill. The milling process was modified in order to obtain three batches of solids with different particle size distribution.
Thus, mean particle sizes of 5 m and 2.6 m were obtained with milling times of 20 and 90 min, respectively. To obtain a lower mean particle size (1.9 m), a method adapted from the ferrites manufacturing process was used [24] . The solids mixture was calcined for 4 hours at 1050 ºC, and the calcined solid was subsequently milled for 300 minutes. Particles Table 1 means that the particle size of the powder used as a precursor of the oxygen carrier was 5 m, 2.6 m or 1.9 m, respectively.
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After the mixing step, cylindrical pellets (10 mm diameter, 15 mm height) were produced by pressure at 16 MPa, which were calcined for different times (2-18 h) at 950 ºC. In some cases, an additional calcination step was performed at 1100 ºC for 2 h. Eventually, pellets were crushed and sieved to obtain the desired particle diameter (+100-300 m).
Characterization of the particles
Mechanical strength was determined using a Shimpo FGN-5X crushing strength apparatus.
It took an average value of 20 measurements of the force needed to fracture a particle.
Skeletal density was measured with a Micromeritics AccuPyc II 1340 helium pycnometer.
Particle porosity was measured by Hg intrusion in a Quantachrome PoreMaster 33.
Identification of the crystalline chemical species was carried out by X-ray diffraction (XRD) difractogram collected by a Bruker D8 Advance X-ray powder diffractometer equipped with an X-ray source with a Cu anode working at 40 kV and 40 mA and an energy-dispersive one-dimensional detector.
Thermogravimetric analyser
The oxygen transport capacity (R OC ) and reaction rates of the materials were determined in a thermogravimetric analyser (TGA), CI Electronics type. A detailed description of the apparatus has already been reported elsewhere [25] . In all experiments, about 50 mg of sample were introduced into a platinum basket hanging inside a quartz reactor. The sample was initially heated in air up to the desired reacting temperature.
To analyse the oxygen uncoupling properties due to reaction from bixbyite to spinel phases, decomposition-regeneration cycles were performed alternating highly-pure N 2 (< 2 ppm 
Batch fluidized-bed reactor
A batch fluidized-bed reactor was used to assess the oxygen carrier's performance in terms of reactivity and agglomeration at similar conditions to those existing in a CLC unit. A mass of 350 g oxygen carrier was used. Information regarding the experimental setup can be found elsewhere [26] , including the feeding system for reacting gases, the reactor system, and the gas analysers to determine the concentration of gases at the reactor outlet.
The concentration vs time curves obtained during the experiments were corrected by means of a deconvolution method in order to correct dispersion and delay effects, thus obtaining the actual concentration at the batch fluidized-bed exit.
The oxygen uncoupling capability of material was evaluated by alternating air and N 2 (300 L N /h) at 800, 850 and 900 ºC. In addition, some redox cycles were carried out at 900 ºC using diluted air (5 and 10 vol.% O 2 ) during the oxidation period to evaluate the regenerability of the material.
Reduction by 50 vol.% H 2 , 50 vol.% CO or 25 vol.% CH 4 was analysed at 900 and 950 ºC.
The total gas flow was 600 L N /h for H 2 and CO, while 300 L N /h was used with CH 4 . In this way, the same oxygen requirement was required for the fuel combustion regardless of the gas used. Oxidation was performed by using 5 or 10 vol.% O 2 .
Data evaluation
The normalized mass-loss variation () represents the fraction of the actual mass of the oxygen carrier compared to the mass of oxidized particles. It was calculated as:
where m is the instantaneous mass of the sample and m o the initial mass.
The oxygen transport capacity for the redox system i ( The reduction ( 
The reactivity of the materials was evaluated by calculating the normalized Rate index [27] which is normalized to a reference partial pressure of the fuel gas, P ref , considering the reaction rate obtained at the partial pressure in TGA, P TGA :
P ref was set to 0.15 atm for the reduction, and to 0.10 atm for the oxidation.
In the fluidized bed reactor, the oxygen transfer rate as function of time, r O (t), during fuel combustion and oxidation periods was calculated as:
Oxidation:
where  g is the molar fraction of gas g, and F in and F out are the molar gas flow at the reactor inlet and outlet, respectively. The oxygen carrier conversion g o X was then calculated for the reduction and oxidation steps as:
where m OC is the mass of the fully oxidized oxygen carrier and M O the oxygen atomic mass. Table 1 shows the main physical characteristics of the prepared materials. Interestingly, bixbyite was formed after a calcination step. The screening of Mn-Fe based oxygen carriers was carried out by means of comparing the crushing strength, oxygen transport capacity and Rate index values, both for reduction and oxygen uncoupling. The crushing strength value, although quite simple and insufficient to evaluate the stress suffered by particles in a CLC unit, had been identified as a useful parameter in the initial screening stages [28] .
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Results
Screening of Mn-Fe based oxygen carriers
Oxygen transport capacity and the Rate index values were obtained through experiments performed in a TGA apparatus consisting of four consecutive redox cycles. Stable reactivity is usually observed in the third redox cycle; thus, the results obtained during the third redox cycle were used in this work.
Oxygen uncoupling capability was evaluated from decomposition-regeneration of the bixbyite phase by alternating highly-pure N 2 and air at 870 ºC. The inert period lasted 30 min. Bixbyite decomposition was initially fast, but it slowed down before the reaction was completed. Thus, the mass loss in N 2 was lower than the theoretical values of ou OC R =3.4 wt.% for reaction R1; see Table 2 . Full decomposition of bixbyite phase was not achieved, with conversion values to spinel recorded in the 62-94 % interval.
Reactivity with a reducing gas was evaluated by performing redox cycles at 950 ºC, alternating 5 vol.% H 2 + 40 vol.% H 2 O (N 2 to balance) for the reducing period and air in the oxidized step. For example, Figure 2 shows the evolution of the normalized mass-loss with time during redox cycles with H 2 using Mn77Fe[L4] particles. During the purge step, previous to the first reduction, a mass loss of 2.8 wt.% was recorded, corresponding to the It is worth noting that the oxidation rate greatly increased after the first redox cycle, while no major differences could be observed in the reduction stage. The mass variation during these cycles was found to be 6.6 wt.%, very close to the theoretical value of 6.7 wt.%. This The same redox cycles were repeated for all oxygen carrier materials synthetized in this work; see Table 1 . A similar behaviour to that shown in Figure 2 was observed in all cases.
Similar results were also obtained by Lambert et al. [16] during the reduction with CH 4 at 900 ºC in TGA. They concluded that materials with a Mn:Fe atomic ratio higher than 1:1 did not provide gas phase oxygen for CLOU, but that reduction from spinel to manganowüstite could be exploited for the iG-CLC process.
For screening purposes, the oxygen transport capacity, Rate index and crushing strength values observed for the different materials are shown in Table 2 . First, the effect of the raw manufactured with the lowest particle size of the precursor material. Finally, reactivity for oxygen uncoupling in N 2 and oxidation in air (both for CLOU and CLC) also decreased as the particle size of the raw materials decreased.
The decrease in particle size of the raw materials might be thought to be able to facilitate the migration of Mn and Fe atoms to form the mixed oxide. However, it was demonstrated that bixbyite was always formed. In addition, the Mn77Fe[S4] material was prepared with a mixture of Mn and Fe oxides that had been calcined at 1050 ºC for 4 h. Thus, the Mn77Fe[S4] particles were prepared starting from the combined Mn-Fe oxide instead of individual mixed oxides. In this case, reactivity, oxygen transport capacity, porosity and mechanical strength were considerably reduced when compared to the other materials.
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From the above considerations, decreasing the particle size of raw materials, in addition to the use of a Mn-Fe mixed oxide as raw material, was not recommended since weaker and/or less reactive particles were obtained. Therefore, materials prepared using Mn and Fe oxides as raw materials with a mean particle size of 5 m were used in subsequent studies.
In order to evaluate the effect of calcining conditions on the particles characteristics, an additional, more severe calcining step was performed at 1100 ºC for 2 h. The oxygen uncoupling capacity was slightly lower with respect to Mn77Fe[L4], but the decomposition rate of the bixbyite was severely decreased. Furthermore, an increase in porosity was observed which could be related to the slight decrease in mechanical strength.
Mixing active metal oxides with an inert material acting as support is a conventional option for improving the physical and chemical properties of oxygen carriers [1] . In this work, the use of kaolin (Al 2 Si 2 O 5 (OH) 4 ) as binder material was examined. Kaolin phase undergoes structural transformations upon calcination and it is well known for its mechanical properties and resistance to thermal shock. For example, the strength of Cu-and Fe-based oxygen carriers was improved by adding kaolin [29, 30] . Both the mechanical strength and reactivity with H 2 of the Mn-Fe material with 20 wt.% kaolin (Mn77FeK[L4]) was higher than for the reference material (Mn77Fe[L4]); however, its oxygen transport capacity both with H 2 and N 2 was accordingly decreased.
Raw manganese oxide can be found in several oxidation states. The effect of the oxidation state of manganese powder was evaluated by preparing particles with the same Mn:Fe ratio, but using MnO 2 as raw material instead of Mn 3 O 4 . In this case, a slight decrease in the oxygen uncoupling capacity, ou OC R , was observed for the Mn77Fe[L4Mn (IV) ] material, which may have been due to incomplete oxidation to bixbyite phase; see Table 1 . Its reactivity, Although oxygen transport capacity for oxygen uncoupling, ou OC R , was maintained, oxygen uncoupling reactivity was significantly reduced. This behaviour agrees with results obtained in previous works [13, 14] . From the comprehensive analysis on the mechanical strength, oxygen transport capacity and reactivity, three oxygen carriers could be considered for further studies, namely temperature and its relatively high oxygen transport capacity, and owing to the reactivity it demonstrated for oxygen uncoupling. It should be recalled that the aim of this work was the development and assessment of a Mn-Fe based oxygen carrier with oxygen capacity for coal combustion both via in-situ gasification and oxygen uncoupling pathways. Further study on reactivity and performance in a fluidized-bed reactor is presented below.
Comprehensive evaluation of the Mn77Fe[L4] material
Analysis of oxygen uncoupling capability
As shown by the phase diagrams in Figure 1 For oxygen uncoupling, the reaction rate was unchanged with the redox cycles. Figure 3(a) shows the conversion vs time curves after 3 cycles for the oxidation period in air at different temperatures. Conversion was calculated for oxidation of spinel to bixbyite, i.e.
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ou o X . Oxidation barely took place at 920 ºC, and when oxidized at 900 ºC, the reaction showed an induction period lasting around 20 s. A lower temperature in the oxidizing period led to a higher reaction rate up to 850 ºC. When the oxidation took place at 820 and 800 ºC, a lower reaction rate was observed. This behaviour can be explained as the result of a trade-off between kinetic control and thermodynamic limitation. Thus, when the temperature was increased from 800 ºC, the oxidation rate increased because of the increase in the kinetic rate constant. However, when the temperature was higher than 850 ºC, the reaction rate decreased because the oxygen concentration was close to the thermodynamic equilibrium. This behaviour was also observed for the oxygen uncoupling rate with Cubased oxygen carriers, although in this case the reaction rate decreased for temperatures higher than 900-950 ºC [31] . Therefore, the adequate oxidizing temperature for regeneration seemed to be in the 820-870 ºC interval. Furthermore, it was found that when bixbyite was regenerated, the reduction rate in N 2 was unaffected by the oxidizing conditions. During consecutive redox cycles, a stable oxygen transport capacity of around ou OC R = 3 wt.% was obtained for the oxygen uncoupling reaction, which was slightly lower than the theoretical value of 3.4 wt.%.
The regeneration capability of spinel to oxidize to bixbyite in diluted air (5 vol.% O 2 ) was also analysed; see Figure 3 (b). Under such conditions, re-oxidation from spinel to bixbyite did not take place at 885 ºC, and it was slow to occur at 850 ºC, characterized by a long induction period lasting in the range between 150 and 200 s. The decrease in temperature led to an improvement in the re-oxidation rate. Therefore, the adequate oxidizing temperature using 5 vol.% O 2 was 800-820 ºC. It is worth noting that an induction period was observed in all cases, but it was reduced with the temperature decrease. Also, oxidation
was relatively fast up to ou o X =0.4 approx., after which the oxidation rate was significantly decreased. These results agree with the induction period observed by Lambert et al. [16] during oxidation of spinel to bixbyite for (Mn x Fe 1-x ) 2 O 3 materials with x ≥ 0.5.
The effect of the temperature on the oxygen uncoupling rate was also analysed in the 850-920 ºC range; see Figure 3 (c). In these tests, oxidation was carried out at 850 ºC in air to ensure quick and complete regeneration to bixbyite. The higher the temperature, the faster the conversion rate observed during the oxygen uncoupling step. Therefore, a high temperature in the fuel reactor would be desirable.
The oxygen uncoupling capability of this material was subsequently tested in the batch fluidized-bed reactor. Several cycles alternating N 2 and air or diluted air were conducted at different temperatures. Figure 4(a) shows the behaviour of the particles subjected to N 2 -Air cycles at temperatures between 800 and 900 ºC. During the decompositions, the rise in the temperature led to improved oxygen uncoupling behaviour. The material showed reproducibility when 3 cycles were conducted, regardless of temperature. In addition, agglomeration was not observed in any case, regardless of the reacting temperature or degree of reduction.
The evolution in the oxygen carrier conversion, ou o X , during both the oxygen uncoupling and the re-oxidation steps is also shown. The variation in the oxygen uncoupling conversion, ou o X , was 7 % at 800 ºC; however, the conversion variation increased to 20 % when the temperature was varied to 850 ºC, and it was increased by 4 when the temperature was raised from 800 to 900 ºC. Note that in the fluidized-bed reactor, the solid to gas ratio was higher than in the TGA, and conditions in the reactor approached those of equilibrium.
Thus, the reaction rate could be increased by temperature, as was observed in TGA tests.
But this increase was limited by oxygen concentration at the thermodynamic equilibrium. It is worthy of note that the concentration of oxygen in exiting gases increased with temperature, which mainly affected the increase in the oxygen carrier conversion.
With regard to oxidation in air, complete regeneration of the particles was observed at 800 ºC, which may have been due to the low conversion achieved during the oxygen uncoupling stage. However, full re-oxidation was not observed at higher temperatures. The fraction of oxygen recovered with the increase in temperature was 90 % at 850 ºC and 75 % at 900 ºC. This result is in agreement with what was observed in the thermogravimetric tests, i.e. the oxidation rate in air decreased when temperature was increased to above 850 ºC; see Figure 3 . Thus, regeneration was incomplete at 900 ºC, even considering that the reaction period was longer for this temperature. cycle, but again complete re-oxidation was not achieved. Finally, oxidation was performed by using 10 vol.% O 2 in order to observe the influence of oxygen partial pressure on solids conversion. As a result, the particles were full regenerated to bixbyite. Therefore, the
21 increase in the O 2 partial pressure allowed a faster regeneration to bixbyite phase to be achieved.
Reactivity with gaseous fuels: H 2 , CO and CH 4
Reduction by fuel gases could be relevant in the fuel conversion pathway [22] , with special interest given to the reduction of spinel to mangano-wüstite, see Reaction R3, which is not driven by the oxygen uncoupling mechanism. Redox cycles were carried out at 950 ºC with Mn77Fe[L4] particles both in the TGA and in the batch fluidized bed. In these tests, the spinel was reduced by H 2 , CO or CH 4 , while oxidation of mangano-wüstite was performed in air.
Initially, the oxygen carrier particles were subjected to 100 redox cycles in the TGA to check the stability of the material regarding oxygen transport capacity and reactivity.
Reducing and oxidizing periods lasted 300 and 90 s, respectively. This time was long enough to achieve sequentially complete reduction and oxidation between the spinel and mangano-wüstite phases. Figure 5 With respect to the oxidizing step, these particles were very reactive, showing a rate index value with O 2 close to that obtained with the ilmenite, which showed the highest reactivity.
The conversion of H 2 , CO and CH 4 was also evaluated through tests carried out in the batch fluidized-bed reactor at 950 ºC. Figure 7 shows the evolution of gaseous compounds and variation in solids conversion, > 40 %. With CO combustion, the material was able to achieve a gas conversion of 96 %, while CH 4 conversion ranged from 50 to 60 % during the first 3 minutes. Thus, CH 4 showed the lowest reactivity of all gases used, which was already observed in TGA tests.
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The maximum degree of reduction for the particles was achieved in the reduction with H 2 , where the variation in the conversion was without agglomeration or de-fluidization problems regardless of the operating conditions used, i.e. temperature, fuel gas or degree of reduction.
Discussion
From results showed in this work, some practical implications can be drawn from the use of the Mn77Fe[L4] material for fuel combustion via CLC or CLOU.
Prepared Mn-Fe materials could transfer oxygen via oxygen uncoupling and gas-solid reaction with a fuel gas; but their oxygen transport capacity for oxygen uncoupling, ou OC R , was much lower than the total oxygen transport capacity, t OC R ; see Table 2 . It is expected that both mechanisms will be involved in the oxygen transfer process from the oxygen carrier to the fuel [22] . In fact, the overall process for converting a fuel could be described as conventional Chemical Looping assisted by Oxygen Uncoupling (CLaOU). Therefore, both oxygen uncoupling and reduction reactions with fuel gases, which also exist in CLC with coal, must be analysed in order to provide a complete evaluation of these materials.
With regard to reduction with fuel gases, which is a characteristic process in CLC, [33] or coal [34, 35] , the Mn77Fe[L4] material can be proposed for use in CLC with these fuels. In addition, the high oxygen transport capacity of Mn77Fe[L4] is of relevance, which means that a lower
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25 solids circulation flow would be required, which benefits the CO 2 capture that is achievable in CLC of coal [36] .
In addition, the oxygen uncoupling capability of this material could be exploited when bixbyite phase, (Mn 0.77 Fe 0.23 ) 2 O 3 , was formed. In this case, an improved performance of coal combustion can be expected compared to the CO 2 capture and combustion efficiency achieved with non-CLOU materials [5, 6] . For this to occur, the spinel should be able to become oxidized to bixbyite at any oxygen concentration existing inside the air reactor to take advantage of the oxygen uncoupling property of the Mn77Fe[L4] material. The oxygen concentration is high (~21 vol.%) near the air inlet and quick oxidation to bixbyite will be expected at temperatures in the 800-900 ºC interval. However, the oxygen concentration decreases as the oxygen reacts with the oxygen carrier. Thus, considering an air excess similar to that used in conventional combustion, the oxygen concentration will decrease to around 4-6 vol.% at the air reactor exit. Under these conditions, the oxidation rate will decrease, but it may be of relevance if the temperature is in the 800-850 ºC interval. Thus, an average temperature in the air reactor of around 850 ºC would guarantee proper oxidation to bixbyite phase.
With regard to the oxygen uncoupling mechanism, it was determined that a high temperature in the fuel reactor would be desirable. Consequently, the reaction rate of oxygen generation by oxygen uncoupling at 920 ºC was calculated to be 1.9·10 -4 kg/s per kg of oxygen carrier. This value is half of the reaction rate obtained for Cu-based materials [31] , and in the same order of magnitude as that found for Mn-based perovskites at 920 ºC
[37].
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In conclusion, in the CLOU process with Mn-Fe materials, both the oxygen generation from bixbyite decomposition to spinel phase and bixbyite regeneration must take place in the fuel reactor and air reactor, respectively. For the Mn77Fe[L4] material, the maximum temperature inside the air reactor should be 850 ºC, while the temperature inside the fuel reactor must be as high as possible. Therefore, a thermal gradient between the fuel and air reactor has to be set in order to take advantage of the oxygen uncoupling capacity of this material. The temperatures in the reactors are closely linked by an overall enthalpy balance to the CLC unit. The lower temperature in the air reactor would be achieved by extracting heat from this reactor. The use of a higher temperature in the fuel reactor could be viable as long as the overall process taking place in the fuel reactor is exothermic when bixbyite is reduced to spinel [10] . Preliminary calculations showed that the thermal gradient would rise to 70 ºC, which means that suitable temperatures would be 920 ºC in the fuel reactor and 850 ºC in the air reactor. However, the overall process in the fuel reactor becomes less exothermic when bixbyite is reduced to mangano-wüstite. This fact would limit the maximum temperature in the fuel reactor. In order to have a higher temperature in the fuel reactor, the temperature in the air reactor must be increased. Thus, the air excess should be increased to facilitate bixbyite regeneration. This option implies increased power consumption for air impulsion; but it could turn out to be an interesting option if the oxygen uncoupling capability of the Mn77Fe[L4] material is preserved. In this way, the expected combustion efficiency would be higher compared to operation without the oxygen uncoupling capability, i.e. in the iG-CLC mode for solid fuels. . Data for other previously tested oxygen carriers have been also included for comparison purposes [32] . . Data for other previously tested oxygen carriers have been also included for comparison purposes [32] . 
Conclusions
